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A B S T R A C T
Environmental monitoring has been continuously increasing due to an emerging global emphasis on the im-
portance of sustainable development. Improving water quality monitoring and control is a challenge that calls
for innovative solutions. Current methods of water monitoring are costly and analytical techniques suitable for
field use are limited. There is a need for accurate, long–term monitoring of environmental contaminants using
sensors that can be operated on site. The aim of our research is to theoretically model, fabricate and characterise
holographic sensors for water quality monitoring that are simple to operate, capable of sensing copper present in
fresh water and have relatively low cost. The sensors are created by holographic recording of surface relief
gratings (SRG) in a self-processing photopolymer material. Interrogation of these structures by light allows
indirect measurements of ion concentration in real time. The SRG structures are modified by coating with porous
LTL-nanoparticles (nanosized zeolites) which selectively adsorb copper ions. The suitability of the sensors for
detection of copper (II) present in water at concentration levels 1–4 mM is reported. The current detection limit
of the sensor is 63 ppm.
1. Introduction
Environmental monitoring is essential to protect the environment
from toxic contaminants. Water is progressively becoming more pol-
luted in our environment due to discharge of large amounts of metal
ion-contaminated wastewater by industry directly into the water
supply. These metal ion contaminants need to be removed before re-
cycling or discharging directly into the surface water in order to prevent
toxic conditions and serious health problems as a result of exposure [1].
Interestingly, small amounts of metal elements are common in our
environment and diet, which are necessary for good health. However,
in excessive amounts heavy metals are toxic; short term exposure re-
sults in damaged or reduced central nervous functions, lower energy
levels, damaging lungs, kidneys, liver and other vital organs. Long term
exposure may result in slowly progressing physical, muscular and
neurological degenerative processes that mimic cancer [1,2]. For some
heavy metals, toxic levels can be just above the background con-
centration naturally found in nature. The maximum contamination le-
vels of some heavy metal ions for safe drinking water are nickel: 2 mg/
dm3, copper: 1.3 mg/dm3, chromium: 0.10 mg/dm3, manganese:
0.05 mg/dm3, iron: 0.5 mg/dm3, arsenic: 10 μg/dm3 and mercury:
2 μg/dm3 [2]. Therefore, it is important to be aware of heavy metal
toxicity and to take protective measures against excessive exposures.
The majority of existing monitoring methods are costly and time
consuming. Sampling and analytical techniques can be insufficient and
difficult to implement [3]. Chemical sensors have generated a great
interest in the determination of various pollutants and can play a sub-
stantial role in environmental monitoring [2]. These devices offer re-
mote detection, miniaturization enabling at-site measurements and
minimal waste production, which contributes to a better quality of life.
Holography allows fabrication of disposable photonic sensors that
are lightweight [4]. This is useful for miniaturization and multiplexing
purposes. Some potential applications of holographic sensors are in
veterinary testing, medical assays and environmental monitoring.
One of the possible solutions in the development of effective en-
vironmental sensors could be the application of zeolite crystalline na-
noparticles which can be applied in the design and fabrication of
photonic structures. Currently the main application is in catalysis and
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membrane design, however, zeolites have several unique features
which make them suited for the fabrication of water pollutant sensors.
Zeolites are characterised by a highly porous structure with a pore size
similar to the size of many industrially important molecules, and the
trapping of a variety of chemicals in zeolites is well documented [5–8].
Due to the large variety of zeolite nanoparticles structure and chemical
composition, the flexibility in their synthesis and the possibility to
functionalise them, these nanoparticles are ideal candidates for in-
corporation in sensors. This paper describes sensors based on surface
relief grating (SRG) structures created by holographic recording in
photopolymers. These holographic structures constitute a flexible
platform for fabrication of sensor devices since they can be modified
with the help of different materials and thus make them selective to a
specific analyte. An example of detecting pollutants such as copper ions
in water is presented.
Holographic sensors have been attracting significant attention in
recent years due to their ability to be interrogated optically, providing
either visual or electronic output [4,6]. They can be multiplexed,
miniaturised, their response experiences little interference from ex-
ternal electromagnetic fields, they can be designed to perform remote
sensing. Similar to other sensing technologies, the main challenges in
holographic sensors are related to providing better selectivity, sensi-
tivity, fast response time, good repeatability and reversibility. Until
recently holographic sensors have been predominantly based on vo-
lume holograms, reflection or transmission [4,9]. The change in the
hologram properties is observed due to either dimensional changes of
the hologram or change of the refractive index/refractive index mod-
ulation under exposure to the analyte. Using volume holograms in-
trinsically offers higher sensitivity, due to the higher theoretically
achievable diffraction efficiency and due to the fact that these devices
are generally thicker and thus even a minute change in the refractive
index/refractive index modulation or dimension of the material can
lead to a significant change in the diffractive properties of the structure.
On the other hand, the target molecules have to travel larger distances
in order to penetrate the structure, thus these devices are generally
expected to be slower in their response. In addition variation of their
selectivity is not a straight forward process since it requires both var-
iation of the chemical composition of the polymer layer to include a
different functionalising material and protection of the ability of the
photosensitive layer to record a hologram. Some of these challenges
and particularly the last one can be addressed by utilisation of SRG
photonic structures instead of volume holograms.
2. Surface relief structures and their application in sensing
The primary advantage of surface relief grating structures for sen-
sing is that the target analyte is not required to permeate fully into the
structure as is the case for volume grating holographic sensors; inter-
action of the target analyte with the surface structure will result in a
measurable change in the sensor output. This will potentially enhance
the device sensitivity and facilitate faster response times. Full reversi-
bility and reusability of the sensor, if desirable, may also be easier to
achieve. A disadvantage of surface relief structure sensors is that the
sensitivity of the device is governed by the aspect ratio of the surface
relief grating i.e. the maximum achievable surface relief amplitude as a
function of grating period. Sensors based on surface relief gratings with
higher aspect ratios will produce a greater sensor response as a function
of analyte concentration. However, the ability to achieve large surface
relief amplitudes at high spatial frequency is governed by the properties
of the holographic recording medium. The use of SRG [10–12], and
recently more complex diffractive optical elements [13] as sensors have
been previously successfully implemented and reported. Analyte in-
duced change of the surface relief amplitude and/or refractive index
modulation have been utilized as detection mechanisms. Surface relief
structures feature across a range of optical sensor platforms including
surface plasmon resonance-based sensors for detection of chemical and
biological molecules [14] and optical fibre Bragg grating-based sensors
for volatile organic compounds (VOC) detection [4,15] and tempera-
ture monitoring [16] have been reported. The inscription of the surface
of molecularly-imprinted polymers via interference photolithography
has facilitated the production of testosterone sensors [17]. Aztec ho-
lograms which are essentially a combination of the surface structure
and Bragg reflector geometries, were originally proposed in Ref. [18]
and have recently been functionalized for relative humidity sensing via
coating with hydrophilic materials such as polyvinyl alcohol and gly-
cerol [19].
Here, a sensor based on the structure of a surface relief grating in-
scribed holographically in a photopolymer layer is proposed. The
period, Λ, and surface relief amplitude, d, of the grating are controlled
via manipulation of the holographic recording conditions. Depending
on these parameters, the surface relief grating may be defined as either
thin or thick, in accordance with the Klein-Cook Q parameter [20]:
=Q πλ d
nΛ
2 r
2
where n is the recording medium refractive index and λr is the re-
construction wavelength. Q values larger than 10 correspond to thick
gratings which may be described using Kogelnik's Coupled Wave
Theory [21], whereas gratings with a Q value of less than 1 are con-
sidered in the thin regime, and may be described using Raman-Nath
Theory [22]. Surface relief gratings fabricated in photopolymer media
are typically in the thin regime, as the surface relief amplitudes re-
quired to be classified as thick are very difficult to achieve at the ne-
cessary grating spatial frequencies.
The output of the surface relief grating-based sensor as a function of
analyte concentration is measured via change in grating diffraction
efficiency, η. For thin phase gratings in the Raman-Nath regime, η is
defined as:
⎜ ⎟= ⎛
⎝
⎞
⎠
η J πΔnd
λm r
2
Where Jm is the Bessel function of the order m. The incident beam is
diffracted into a number of orders, with the diffracted amplitude in the
mth order proportional to the value of the Bessel function. Δn is the
refractive index modulation of the grating, which is the difference be-
tween the maximum and minimum refractive index in the structure
under consideration.
2.1. Modified surface relief grating (SRG)
In order to facilitate absorption of the target analyte molecules and
enhance sensor function, the surface relief grating is modified through
coating with zeolite nanoparticles. Here, the SRG acts as a support
structure for the zeolites, and Δn is defined as the difference between
the refractive index of the support structure (i.e. photopolymer) and the
zeolite nanoparticles. On exposure to an analyte, the analyte molecules
exchange into the zeolite nanoparticles, resulting in a change in Δn,
which in turn produces a measurable change in the η of the sensor as a
function of analyte concentration (Fig. 1).
3. Experimental
3.1. Materials
3.1.1. Photopolymer layers
The acrylamide based photopolymer was prepared as described in
Table 1. The components were well mixed in water by using a magnetic
stirrer. All the materials used in this work were of analytical grade
purchased from Sigma Aldrich without further purification.
All the samples were prepared under ambient conditions (tem-
perature 16–22 °C; relative humidity (RH), 40–60%) as follows. PVA
(MW 9000–10,000) was dissolved in distilled water while heated at
S.-e. Gul et al. Microporous and Mesoporous Materials 261 (2018) 268–274
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70 °C to yield a 10 wt% PVA aqueous solution. Crystals of Erythrosine B
(ErB) were dissolved in water at room temperature to obtain dye stock
solution with the desired dye concentration (0.001 wt%). The trietha-
nolamine (TEA) was added into the PVA solution. Finally, acrylamide
(AA) and N,N' Methylenebisacrylamide) BAA were added as the
monomers, along with the ErB solution. After mixing for 1 h all com-
ponents were fully dissolved and the photopolymer solution had a total
volume of approximately 23 ml. 30 μl volume of photopolymer solution
was spread evenly on a glass slide of dimensions 7.6 cm × 2.6 cm. The
coated glass slide was placed on a flat surface and allowed to dry in
dark for typically 5–6 h. The thickness of the dry sample was
30±3 μm.
3.1.2. LTL nanoparticles synthesis
Zeolite nanocrystals with LTL-type structure were prepared from
clear precursor solutions, free of organic template, with the following
molar composition: 5 K2O: 10 SiO2: 0.5 A12O3: 200 H2O. The as-
prepared precursor solutions were aged at room temperature for 24 h
prior to hydrothermal treatment at 170 °C for 18 h. After crystallization,
the nanosized crystals were recovered by multistep centrifugation
(20000 rpm, 40 min) and washed with doubly distilled water. The LTL
nanocrystals were stabilized in water at pH = 8 and with concentration
of solid particles of about 1.5 wt% [23].
3.2. Methods
3.2.1. Recording of the surface relief gratings (SRG)
A two-beam holographic optical setup used to record the holo-
graphic gratings is shown in Fig. 2. The angle between the beams was
set as 9.16 ° in order to obtain an interference pattern with spatial
frequency of 300 lines/mm±10 lines/mm. An Nd: YVO4 laser
(532 nm) was used to record the transmission holographic gratings. The
recording intensity was 10 mWcm−2 and the exposure time was 100 s.
The recording beams were S polarized in order to obtain optimum re-
cording conditions. The recording conditions were previously optimised
for achieving maximum surface relief modulation [24]. To obtain an
angular selectivity curve of a recorded grating, a vertically polarized
Helium-Neon laser (He-Ne) of wavelength 633 nm was used as a probe
beam incident at the Bragg angle to the grating (simplified drawing of
the optical set-up is included in supplementary material, Fig. S1). The
intensity of the 1st order diffracted beam was measured using an optical
power meter to determine the diffraction efficiency of the recorded
gratings. The diffraction efficiency was determined as the ratio of the
intensity of diffracted light in the first diffraction order and the in-
tensity of the incident probe beam.
After holographic recording the SRGs were exposed to UV light for
15 min to achieve full monomer polymerization. The process of grating
formation can be explained as follows. When a photopolymer recording
material is illuminated with an interference pattern of light, poly-
merization takes place schematically at the peaks of the structure
shown in Fig. 1(b). This results in the depletion of monomer in the
exposed regions and a concentration gradient of the monomer leads to
the diffusion of monomer from the unexposed regions to the exposed
regions. The overall refractive index is higher in the polymerized region
than the unpolymerized region due to the increased density. Holograms
recorded by this mechanism are known as phase holograms. The dif-
fraction efficiency of the hologram depends on the extent of refractive
index modulation, Δn, which in turn depends on the rates of poly-
merization and diffusion within the material. It has been previously
observed that in addition to the volume holographic structure, a surface
relief structure with amplitude strongly depending on the spatial fre-
quency of the recorded grating is developed. The amplitude of the
surface structure can be additionally increased by exposure to elevated
temperature [24]. This approach was used in the present study. In order
to obtain surface relief structures with high amplitude the samples were
placed in an oven (Lennox laboratory supplies Ltd) set at 120 °C to be
thermally treated. The oven temperature was increased by 20 °C every
20 min until 220 °C. It was found that the gradual exposure to elevated
temperature is crucial for the formation of a stable SRG. Instant ex-
posure to elevated temperature above 160 °C leads to the complete
destruction of the recorded gratings, both for volume and surface
gratings. The contribution of the two gratings to the diffraction effi-
ciency of the recorded structure was analysed before and after exposure
to elevated temperature.
3.2.2. Photonic structures coated with LTL-zeolite nanoparticles
Following the preparation of the SRG, the layers were characterised
Fig. 1. Distribution of constituents of photopolymerisable
nanocomposites: a) acrylamide (AA) , bisacrylamide
(BAA) monomer molecules and initiator
Triethanolamine (TEA), b) after polymerization, c) after
coating with LTL-zeolite nanoparticles and d) exposure
to analyte.
Table 1
The amount of component's added in the photopolymer solution.
Components Amount (g) Amount (% w/w) in dry
layer
Acrylamide (AA) 1.0 24.5
N,N'Methylenebisacrylamide (BAA) 0.2 4.9
Polyvinyl alcohol (10% wt/wt) (PVA) 1.75 43.0
Triethanolamine (TEA) 1.12 27.5
Erythrosine B dye (0.001% wt/wt) 0.0044 0.1
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by White Light Interferometry and by measurement of the Bragg angle
before and after thermal treatment. After this, they were coated with
LTL-zeolite nanoparticles incorporated in a tertaethyl ortosilicates
(TEOS) layer. The layer was prepared by a sol gel process. A typical
composition consisted of tetraethyl orthosilicate TEOS (24 mL), ethanol
(17.5 mL), 1.5% wt/wt LTL-zeolite nanoparticle suspension (12 mL)
and 0.04 M nitric acid (3 mL) [25]. The added amount of LTL-zeolites
was varied between 8 mL and 15 mL and was optimised at 12 mL. The
use of the TEOS was necessary in order to stabilise (improve mechanical
stability) of the layer of nanoparticles in water environment. The
porous matrix allows pollutants (in this case di-cations such as Cu (II) to
diffuse easily into the functionalized layer and to interact with the
zeolite nanoparticles. The targeted concentration detection was in the
range 1–4 mM copper ions. The optimisation involved finding the
maximum amount of zeolite nanoparticles that can be incorporated in a
functionalising layer while still preserving a good optical quality. The
solution was stirred for 24 h and then spin coated at 500 rpm on the
thermally treated SRG structures.
The samples were left for 24 h at room temperature before further
studies. Next the gratings were exposed to the different copper solution
for pre-determined time intervals and their diffraction efficiency was
measured following the flow chart shown in Fig. S3. The layers were
studied under white light interferometer and the diffraction efficiency
change was measured at different stages.
4. Results and discussions
4.1. Characterisation of the LTL zeolite nanoparticles and the TEOS/LTL
composite layer
The size of the nanoparticles was confirmed to be 80 nm as ag-
gregates and was measured by dynamic light scattering (DLS)
(Fig. 3(a)), while the individual size of the zeolite grains was in the
range 10–20 nm (Fig. S2(a)) according to the high-resolution trans-
mission electron microscopy study (HRTEM). It can be clearly observed,
that the LTL sample is fully crystalline (Fig. 3(b)) and consists of many
aggregates, which are formed from single rectangular crystalline do-
mains with well-defined edges and crystalline fringes Fig. S2 (b) re-
ported in supplementary material. The porosity of the TEOS layer was
confirmed by the SEM images example of which is presented in Fig. S2
(c). It was also observed that the LTL nanoparticles are homogeneously
dispersed in the TEOS layer as seen in the SEM study of the TEOS/LTL
nanocomposite (Fig. S2 (d)).
4.2. Characterisation of holographic surface relief photonic structures
Profiles of the surface relief structure measured by white light in-
terferometer are presented in Fig. 4. The spatial frequency of the
structure was determined to be 345 lines/mm from the 3.1 μm ±
0.2 μm line spacing observed in the white light interferometry (WLI)
results. Previous studies revealed that peaks and troughs of the surface
relief structure correspond respectively to the bright and dark regions in
the pattern confirming that mass transport from dark to bright regions
is the main mechanism of photoinduced surface relief formation [24].
The amplitude of the troughs observed by these images was in the range
350 nm–400 nm Fig. 4(a). Fig. 4 (a) and (b) shows 3D surface topo-
graphy of the grating after thermal treatment, and after spin coating
with the modified LTL-zeolite layer. After spin coating with the LTL-
zeolite layer, the surface relief amplitude has decreased from 350 nm to
approximately 20 nm indicating that the TEOS/LTL nanocomposite has
filled in the troughs (Fig. 4(b)). The diffraction efficiency and the sur-
face profile of the SRG structures were measured at each stage of the
experiment.
4.3. Diffraction efficiency and angular selectivity studies
Fig. 5 shows the diffraction efficiency as a function of angle of ro-
tation for the photonic gratings at different stages of the experiment i.e.
before thermal treatment, after thermal treatment, after coating with
LTL/TEOS layer, and after exposure to copper ions. A maximum dif-
fraction efficiency of the photopolymer layers of 60% was achieved
immediately after holographic recording and as outlined in Table 2.
This value is due to the volume diffraction grating since at this stage the
surface relief grating has negligible amplitude (< 1 nm). After thermal
treatment the diffraction efficiency decreased to °35% due to combined
effects of enhancement of the surface relief grating and nearly complete
erasure of the volume grating. This was confirmed by experiment in
which the post thermally treated grating was coated with an index
matching liquid. The diffraction efficiency of the volume grating after
index matching was measured to be 2.5%, therefore, after thermal
treatment the diffraction efficiency is mainly due to the SRG. A shift in
the Bragg angle was observed as it can be seen in Fig. 5. The shift is
most probably due to an increase in the effective refractive index of the
photopolymer layer, as the density of the layer is increased after
thermal treatment. Taking into account the height of the surface relief
amplitude - 400 nm and the diffraction efficiency of the structure, the
refractive index modulation is estimated to be 0.9. Other possible
causes of the shift are shrinkage of the layer and a change of the spatial
frequency of the structure. The Bragg angle measurement was then
taken for layers modified with zeolites nanoparticles dispersed in TEOS.
A further decrease in the diffraction efficiency was seen at this point
due to substitution of the air in the troughs with material with higher
refractive index. Assuming that the LTL/TEOS nanocomposite fully
covers the surface relief structure, based on the measured diffraction
efficiency after coating (20%) one can estimate the refractive index of
the coating layer to be 1.4, which is a reasonable value taking into
account the porosity of the material. Further decrease of the diffraction
efficiency was observed under exposure of the sample to the analyte.
Spectrophotometric studies of the absorption due to presence of Copper
(II) in water solution revealed that the absorption losses were varying
between 0.9 and 3.6% when the copper concentration was varied be-
tween 1 and 4 mM. This corresponds to an estimated maximum var-
iation of the absolute diffraction efficiency (which at the start of the
experiment is 20%) from 19.82% for 1 mM solution to 19.28% for the
Fig. 2. Experimental set-up for recording transmission ho-
lograms: Nd:YAG: Neodymium doped yttrium aluminium
garnet laser, Shutter Controller, HWP: half wave plate, P:
Polariser, SF: spatial filter, CL: collimating lens, A:
Aperture, BS: beam splitter, NDF: Neutral density filter.
S.-e. Gul et al. Microporous and Mesoporous Materials 261 (2018) 268–274
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4 mM solution. These variations were much smaller than the decrease
caused by the change in the refractive index. Detailed dependence of
this decrease on analyte concentration is presented in section 4.4.
4.4. Exposure to the target analyte
In order to determine the applicability of the proposed holographic
sensor for detection of analytes, the zeolite-coated SRG was exposed to
copper solutions with 1–4 mM concentration following a procedure
described in the flowchart presented in supplementary data Fig. S3. All
the molar concentrations were prepared in deionised water.
In order to check whether the sensor response is due to the TEOS or
due to the presence of LTL-zeolites nanoparticles, the SRG grating was
also coated with TEOS containing no nanoparticles as a reference.
Fig. 6(a) shows the diffraction efficiency versus exposure time for SRG
coated with TEOS only and TEOS containing zeolites to a 4 mM Copper
solution. A significant improvement in the sensor response to copper is
observed due to the inclusion of LTL zeolites. In Fig. 6(b), the nor-
malised diffraction efficiency vs exposure time is shown for the LTL
zeolite coated SRG exposed to fresh water and 1–4 mM copper solu-
tions. The normalised diffraction efficiency was observed to decrease in
all cases with increasing exposure time and a clear dependence on the
concentration of copper was observed. However, it was also observed
that on exposure to the control solution, deionised water, the normal-
ised DE drops down from 1 to 0.8.
The selectivity of the proposed sensor is determined by the se-
lectivity of the LTL nanoparticles. It was observed that much smaller
changes in the diffraction efficiency were detected for monovalent ca-
tions than for divalent cations. For example after 3 min of exposure to a
solution containing 4 mM of Na+, a 13% decrease in diffraction effi-
ciency was measured. Exposure for 3min to 4 mM solutions of Cu2+ and
Ca2+ led to correspondingly 60% and 44% decrease in diffraction ef-
ficiency. All changes in diffraction efficiency were calculated with re-
spect to the reference values of diffraction efficiency of devices exposed
to water in order to ensure that only the change due to the presence of
the specific analyte is taken into account. At shorter exposure time,
2min, no change in diffraction efficiency due to the presence of
monovalent Na+ cations was measured, while the changes in diffrac-
tion efficiency for Cu2+ and Ca2+ were correspondingly 51% and 25%.
Fig. 3. (a) DLS data of the LTL sample. The width of the particle size distribution curve is narrow, centered at the size of the aggregate is about 80 nm (b) XRD pattern of the LTL
nanoparticles.
Fig. 4. WLI images (3 dimensional views) of the SRG of
spatial frequency 300 lines/mm (a) SRG and (b) SRG with
LTL-zeolites nanoparticles.
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4.5. Theoretical modeling of the results
Fig. 7 shows the theoretically modelled diffraction efficiency in the
first order of diffraction (m = 1) of a surface relief grating with am-
plitude of 400 nm as a function of grating change in refractive index Δn.
A value of reconstruction wavelength of 633 nm was used for this
calculation. Due to the oscillatory nature of the Bessel function in eqn.
(2), the diffraction efficiency of the grating is observed to either in-
crease or decrease with increasing Δn corresponding to the left or right
hand side of theoretical curve. Therefore, the sensor output may reg-
ister the decrease in grating Δn associated with ion exchange of analyte
molecules as either an increase or decrease in grating diffraction effi-
ciency, depending on which side of the curve the sensor is operating in.
It is assumed in this work that on ion exchange of Cu2+ ions to the LTL
zeolite nanoparticles, the overall value of Δn for the SRG will decrease.
Fig. 5. Bragg curves with spatial frequency centered at
300 l/mm recorded in layers with thickness of 30 μm on a
glass slide taken for the photopolymer before and after
thermal treatment , after spin coating with LTL-zeolites
, and after exposure to Copper (II) analyte Flow chart
of this experiment can be found in Fig. S3.
Table 2
Diffraction efficiency and amplitude of SRG at different stages of the experiment.
Photonic structure Diffraction
Efficiency (DE %)
Surface modulation
(nm)
Photopolymer layer (volume
grating)
60% ± 5 <1
Post thermal treatment (surface
grating)
35% ± 3 400
TEOS/zeolite coated grating
(modified surface grating)
20% ± 2 20
TEOS/zeolite coated grating
exposed to Cu+2 for 3 min
3% ± 1 30
Fig. 6. (a) Comparison of LTL-zeolite coated layers for blank data in deionised water, Comparison sol gel coated without LTL-zeolites nanoparticles and sol gel incorporated LTL-zeolites
nanoparticles in 4 mM Cu (II) solution (b) Copper exposure (1–4 mM) response in terms of diffraction efficiency change of LTL-zeolites nanoparticles photonic structures.
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Therefore, for this theoretical study we expect that the sensor is oper-
ating in a regime based on the left hand side of the theoretical Bessel
curve. However, further experimental measurements are underway to
verify this.
The blue line in Fig. 7 represents the theoretical data and the co-
loured points correspond to the experimentally measured diffraction
efficiency values for a 400 nm surface relief grating initially uncoated
(35%), after coating with LTL zeolite nanoparticles (20%), and after
3 min exposure to a Cu2+ solution at concentrations of 1–4 mM. For
concentrations of 1 and 2 mM Cu2+, reductions in Δn to 0.195 and
0.230 are required to produce the experimentally observed 10.5% and
12.2% decreases in diffraction efficiency due to the presence of copper
respectively. There is less clear distinction between the 3 and 4 mM
concentrations: reductions in Δn of 0.030 and 0.034 are required to
produce the experimentally observed decreases in SRG diffraction ef-
ficiency of 18% and 18.6%, respectively. The difficulty in distin-
guishing the 3 and 4 mM concentrations may be due to the fact that the
Δn values after copper adsorption are located at the curved base of the
Bessel function where the slope is greatly reduced in comparison to the
linear portion; therefore, a greater change in Δn will be required to
produce a measurable change in diffraction efficiency than would be
required for Δn values located along the linear section of the Bessel
function. The location of the initial Δn along the Bessel function should
thus be carefully considered when designing a thin SRG-based sensor
[26].
5. Conclusions
A method of fabrication of a water pollutant sensor by holographic
recording of surface relief structures in a self-processing photopolymer
material and modified by spin coating LTL-zeolites in a sol-gel matrix is
presented. The sensor was confirmed to respond to copper ions at
concentration of 1–4 mM with good reproducibility. The proposed
technology platform for preparation of sensors is flexible, because the
selectivity can be easily changed by modification of the functionalising
layer chemical structure. The sensor also demonstrates good linearity
limit for Cu2+. The loadings of LTL-zeolites were tailored in order to
detect 63 ppm and successful to determine Cu2+ in real samples. To the
best of the author's knowledge, this is the first use of SRG coated with a
sensing layer for copper ion detection. The disposable holographic
sensor also has a relatively quick response time, is low cost, and allows
for real time monitoring of environmental water quality.
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